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Regulation of connexin43 (Cx43) expression affects cell proliferation, differentiation and apoptosis in a gap 
junctional intercellular communication (GJIC) -independent manner. However, the underlying 
mechanisms of Cx43 -mediated cell cycle suppression are still poorly understood. To elucidate the molecular 
mechanism of Cx43 -mediated cell cycle suppression, we searched for Cx43 interacting proteins by using a 
proteomics approach. Here, we have identified a Cx43 -interacting protein, heat shock cognate protein 70 
(Hsc70). We confirmed that Hsc70 directly binds to the C- terminus of Cx43, whereas Hsc54, a splice variant 
of Hsc70, does not, that Cx43 competes with cyclin Dl for binding to Hsc70, and that the nuclear 
accumulation of cyclin Dl is reduced by overexpression of Cx43 in a GJIC-independent manner, which is 
restored by co-overexpression with Hsc70. As a result, the cell proliferation is regulated by Cx43. Our results 
suggest that Cx43-Hsc70 interaction probably plays a critical role during Gl/S progression. 

Connexins are integral membrane proteins that act as gap junction channel-forming proteins 1 ' 2 . Gap 
junctions are specialized cell-cell junctions that directly link the plasma membrane between contacting 
cells. Low-molecular- weight (<1000 Da) metabolites and ions, including second messengers such as 
cyclic AMP, inositol triphosphate and Ca 2+ can be selectively exchanged between adjacent cells through the 
gap junction. Gap junctional intercellular communication (GJIC) has fundamental roles, in regulating cell growth 
and differentiation, and in coordination of development, tissue function and cell homeostasis 1 ' 2 . 

Connexin43 (Cx43) is the most abundant gap junction protein in various tissues, and has long been viewed as a 
cell growth suppressor. Cx43 is ubiquitously expressed in human tissues and regulates cell growth and differ- 
entiation via multiple mechanisms. Cx43 plays various roles through not only its gap junction intercellular 
communication (GJIC) -dependent function, but also its GJIC-independent functions, such as hemichannels 3 " 5 
and protein-protein interaction 6 " 12 . It has been found that expression of Cx43 is inversely related to glioma cell 
proliferation and tumor grade 13 " 15 . The growth regulation of glioma cells is proposed to be more dependent on the 
behavior of connexins than the activity of GJIC 16 . The ability of Cx43 to provide cell-cell communication via gap 
junctions was originally considered to be the only mechanism by which Cx43 regulates cell growth 17 " 19 . However, 
more recent studies have shown that Cx43 also controls cell growth independently of its ability to form gap 
junction channels between adjacent cells 20 " 26 . In HeLa cells transfected with mutated Cx43, which have point 
mutations in the second extracellular loop and do not display GJIC because of aberrant cytosolic localization of 
Cx43, the cell growth is still suppressed 27 . Moreover, the carboxy-tail of Cx43 localizes to the nucleus and inhibits 
cell growth in cardiomyocytes and HeLa cells 28 . 

Therefore, it is possible that Cx43 may affect cell growth independently of gap junction formation. However, 
the exact mechanisms underlying GJIC-independent actions of Cx43 -mediated cell cycle suppression and cell 
growth are still largely unknown. We hypothesized that Cx43 is involved in cell cycle suppression through a novel 
interacting protein, which regulates the cell cycle. We identified heat shock cognate protein 70 (Hsc70) as a novel 
interacting partner of Cx43 by co-immunoprecipitation. We confirmed that Cx43 directly interacts with Hsc70 
via its C- terminus, and that this interaction plays a critical role in Gl/S cell cycle progression through regulating 
nuclear accumulation of cyclin D 1 . Our findings are the first to suggest that the cell growth- suppressive properties 
of Cx43 probably are achieved by the interaction with Hsc70. 
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Results 

Cx43 interacts with heat shock cognate protein 70. To identify a 
novel interacting protein of Cx43, we performed co-immunoprecipi- 
tation assays using anti-Cx43 antibodies to screen Cx43 -interacting 
partners from HuH-7 cells, which abundantly express Cx43. As 
shown in Figure la, co-immunoprecipitation assays recovered 
several bands that were resolved by SDS-PAGE gels and visualized 
with Coomassie blue staining. MALDI/Q-TOF (matrix-assisted laser 
desorption ionization/quadrupole time of flight) mass spectrometry 
analysis of tryptic peptides identified a number of these proteins. One 
of them, heat shock cognate protein 70 (Hsc70), was reproducibly 
recovered in co-immunoprecipitation from the whole cell lysates of 
HuH-7 cells (Supplementary Fig. SI a). Another band obtained in the 
co-immunoprecipitation assay was identified by MALDI/Q-TOF 
analysis as p-tubulin (Fig. la), which has already been described as 
an interaction protein for Cx43 8 . 

To confirm the interaction of Cx43 with Hsc70, lysates of HuH-7 
cells were subjected to GST pulldown assays using the C-terminal tail 
of Cx43 as an affinity matrix (GST-Cx43CT228-382; see Supplemen- 
tary Fig. Sib). The results showed that Hsc70 interacts with 



GST-Cx43CT228-382 but not with GST alone (Fig. lb and Supple- 
mentary Fig. Sic). We also co-transfected Hsc70 with Cx43 to HuH- 
7 cells; a possible in vivo interaction between Hsc70 and Cx43 was 
investigated by co-immunoprecipitation (Fig. lc, d and Supplemen- 
tary Fig. Sid, e). Next, to confirm a subcellular interaction between 
Cx43 and Hsc70, we analyzed the distribution of endogenous Cx43 
and Hsc70 by immunofluorescence with the corresponding antibod- 
ies. In HuH-7 cells, partial co-localization of both proteins was 
observed in cytoplasm (Fig. le). 

To further verify the interaction between Cx43 and Hsc70, HeLa 
cells were also transfected with the expression vector of Cx43. In 
transfected HeLa cells, partial co-localization in the both proteins 
was observed in the cytoplasm (see Supplementary Fig. S2). 

These results demonstrated that Hsc70 associates with Cx43 in the 
cytoplasm, and suggest that Hsc70 functions as a novel interaction 
partner of Cx43. 

Identification of the Hsc70-binding domain in Cx43. To determine 
which domain of Cx43 is required for binding to Hsc70, three types 
of deletion GST fused Cx43-CT mutants were prepared (Fig. 2a and 
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Figure 1 | Hsc70 Interacts with Cx43 and Co-localizes with Cx43 in the Cytoplasm, (a) In vivo evidence for Hsc70-Cx43 interaction. SDS-PAGE and 
Coomassie staining of proteins obtained in co-immunoprecipitation assay with anti-Cx43 antibodies using lysates prepared from HuH-7 cells. Arrows 
indicate the positions of Hsc70 and P-tubulin. Both proteins were identified by MALDI/Q-TOF mass spectrometry analysis, (b) Binding of Hsc70 to GST- 
Cx43CT. Proteins extracted from HuH-7 cells were mixed either with GST or with GST-Cx43CT residues 228-382 resin. After washing, the bound 
proteins were released and analyzed on 12% SDS-PAGE followed by western blotting (WB) with anti-Hsc70 antibody. Full-length blots are presented in 
Supplementary Figure Sib. (c and d) Co-immunoprecipitation of Hsc70 with Cx43. Lysates were prepared from HuH-7 cells co-transfected with wild- 
type Cx43 and T7-tagged Hsc70 expression plasmids. Lysates were immunoprecipitated (IP) either by anti-Cx43 antibodies and control IgG (c) or by 
anti-T7 antibody and the IgG (d). The immunocomplexes were analyzed by western blotting (WB) using anti-T7 antibody (c) or anti-Cx43 antibodies 
(d). Full-length blots are presented in Supplementary Figure Sic and Sid. (e) Co-localization of endogenous Hsc70 and Cx43. HuH-7 cells were fixed and 
stained with anti-Cx43 antibodies and anti-Hsc70 antibody. The nuclei were stained with TO-PR03. Co-localization of both proteins was observed in the 
cytoplasm. 
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Figure 2 | Interaction Domains between Cx43 and Hsc70. (a) A schematic representation of GST-Cx43CT fusion proteins used as a ligand. Consensus 
protein domains and regions with putative signaling functions are indicated. Abbreviations in Cx43: TM1-4, transmembrane domains 1-4; JM, 
juxtamembrane domain that binds microtubules; Y265, Src phosphorylation site; PP, proline-rich sequence that binds the SH3 domain of v-Src; DLEI, 
carboxy-terminal sequence involved in ZO-1 binding, (b) Identification of Hsc70-binding domain in Cx43. Whole cell lysates of HuH-7 cells and various 
forms of the GST-Cx43CT fusion proteins were used for GST pulldown assays. Binding experiments and western blotting (WB) were carried out as 
described in Figure lb. (c) A schematic representation of Hsc70 and its deletion mutants used for overexpression. (d) Identification of Cx43 binding 
domain in Hsc70. Expression vectors encoding various Hsc70s were transfected into HuH-7 cells, and binding experiments were carried out as described 
in Figure IB. The immunocomplexes were analyzed by western blotting (WB) using anti-T7 antibody. 



Supplementary Fig. Sib). GST pulldown assays were carried out 
using the whole cell lysates extracted from HuH-7 cells. As shown 
in Figure 2b, one deletion mutant, GST-Cx43CTAjM228-263, bound 
Hsc70 to the same extent as did GST-Cx43CT228-382, while another 
deletion mutant, GST-Cx43JM228-263 protein, failed to interact with 
Hsc70, as did GST protein alone. Thus, the 263-382 region of Cx43 is 
required for binding to Hsc70. 

Identification of the Cx43-binding domain in Hsc70. To determine 
the Cx43-binding domain in Hsc70, a series of T7-tagged Hsc70 
expression vectors encoding various portions of Hsc70 molecular 29 
were transfected into HuH-7 cells (Fig. 2c and d, left panel). GST 
pulldown assays were carried out using the cell lysates and GST- 
Cx43CT228-382. As expected, GST-Cx43CT228-382 bound to 
wild-type Hsc70 but not to A385-543 mutant, which lacked the 
protein-binding domain in Hsc70 (Fig. 2d, right panel). Moreover, 
Al-385 and A543-646 mutant Hsc70 did not affect binding to GST- 
Cx43CT228-382. Taken together, these results demonstrated that the 
385-543 region of Hsc70 is essential for binding with Cx43. 

Cx43 competes with cyclin Dl for interaction with Hsc70. In pre- 
vious studies, the interaction of cyclin Dl and Hsc70 has been 
reported 30 ' 31 . To confirm whether Hsc70 interacts with cyclin Dl 
or Cx43 in vivo, co-immunoprecipitation assays were performed. 
Hsc70 was co-immunoprecipitated with cyclin Dl or Cx43 
(Fig. 3a); however, no interaction between cyclin Dl and Cx43 was 
detected (Fig. 3b). We then reasoned that Cx43 could compete with 
cyclin Dl for interaction with Hsc70. To test this hypothesis, 



we performed in vivo competition assays. HuH-7 cells were trans- 
fected with equivalent plasmids of Hsc70, cyclin Dl, and increasing 
amount of Cx43 expression plasmids for competitive binding to 
Hsc70. Cx43 interfered with the binding of cyclin Dl to Hsc70 in a 
dose-dependent manner (Fig. 3c). Taken together, these results 
suggest that there are interactions between cyclin Dl and Cx43 for 
competitive binding at Hsc70. 

Interaction of Cx43 with Hsc70 plays an important role during Gl 
to S phase transition. Hsc70 is involved in the progression of cell 
cycle during Gl/S transition 29 " 32 . To assess whether Cx43 exerts the 
cell growth- suppressive functions through interacting with Hsc70, 
resulting in an effect on cell proliferation, bromodeoxyuridine 
(BrdU) incorporation assays were performed. HuH-7 cells were 
transiently transfected with vectors encoding either EGFP, Cx43- 
EGFP, or Hsc70-EGFP, and or both Cx43- and Hsc70-EGFP. 
Forty- eight hours after transfection, the cells were labeled with 
BrdU for 2 hr and subsequently fixed and stained with anti-BrdU 
antibody (Fig. 4a and Supplementary Fig. S3a). The fraction of BrdU- 
positive cells over total number of transfected cells was determined. 
Approximately 40% BrdU-positive cells were observed in both 
control and Hsc70-transfected cells. Overexpression of Cx43 
significantly decreased the BrdU incorporation, from 40% to 13%. 
Interestingly, co- transfection of Cx43 with Hsc70 was sufficient to 
restore the BrdU incorporation, from 13% to 33% (Fig. 4b and 
Supplementary Fig. S3b). 

To further investigate whether or not Cx43 -mediated cell cycle 
suppression is independent of GJIC, BrdU incorporation assay in 
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Figure 3 | Association among Cx43, Cyclin Dl, and Hsc70. (a) Hsc70 interacts with cyclin Dl or Cx43. Co-immunoprecipitation of Hsc70 with cyclin 
Dl or Cx43. Lysates were prepared from HuH-7 cells co-transfected with T7-tagged Hsc70 and cMyc-tagged cyclin Dl or wild-type Cx43 expression 
plasmids. Lysates were immunoprecipitated (IP) either by anti-cMyc antibody and control IgG (left) or by anti-Cx43 antibodies and the IgG (right). The 
immunocomplexes were analyzed by western blotting (WB) using anti-T7 antibody, (b) Absence of interaction between cyclin Dl and Cx43. Co- 
immunoprecipitation of Cx43 with cyclin Dl. Lysates were prepared from HuH-7 cells co-transfected with wild-type Cx43 and cMyc-tagged cyclin Dl 
expression plasmids. Lysates were immunoprecipitated (IP) either by anti-cMyc antibody and control IgG (left) or by anti-Cx43 antibodies and the IgG 
(right). The immunocomplexes were analyzed by western blotting (WB) using anti-Cx43 antibodies (left) or anti-cMyc antibody (right), (c) Competition 
assay of Cx43 and cyclin Dl for binding with Hsc70. HuH-7 cells were transfected with equivalent plasmids of both T7-tagged Hsc70 and cMyc-tagged 
cyclin Dl, and with increasing amounts of Cx43. Lysates were immunoprecipitated (IP) by anti-T7 antibody. The immunocomplexes were analyzed by 
western blotting (WB) using anti-T7-tag, anti-Cx43, and anti-cMyc-tag antibodies. 



HuH-7 cells was performed by using dominant negative form of 
Cx43 (DNCx43), which is mutant Cx43 with a deletion of amino 
acids 130-137 and does not form gap junction 33,34 (see Supplemen- 
tary Fig. S4a). Overexpression of DNCx43 significantly decreased the 
BrdU incorporation, from 39% to 11%. As expected, co-transfection 
of DNCx43 with Hsc70 was sufficient to restore the BrdU incorp- 
oration, from 11% to 30% (see Supplementary Fig. S4b and c). 

Hsc54, a splice variant of Hsc70, encodes the protein lacking 153 
amino acid residues of Hsc70 in a part of the protein-binding and 
variable domains (Fig. 5a) 35 ' 36 . To test further whether Cx43 specif- 
ically interacts with Hsc70 via protein-binding domain, we per- 
formed pulldown assay using GST-Cx43CT228-382 to bind 
Hsc70- or Hsc54-overexpressed cell lysates. Predictably, Cx43 bound 
to Hsc70 but not to Hsc54 (Fig. 5b). In addition, we performed BrdU 
incorporation assay using Hsc54. Compared with Cx43 -transfected 
groups, co-transfected Cx43 with Hsc54 recovered somewhat the 
level of BrdU incorporation; however, no significant difference was 
observed between these two groups (Fig. 5c and d). Similar results 



were also obtained in both HeLa (see Supplementary Fig. S5) and 
Caco-2 cells (data not shown). 

Moreover, we examined whether the specific protein-protein 
interaction between Cx43 and Hsc70 is necessary for Cx43 to regu- 
late Gl/S transition. BrdU incorporation assays were carried out 
under treatment with 15-DSG, which has a peptidomimetic structure 
and is an immunosuppressive agent, binds specifically to Hsc70 and 
is also thought to preclude peptide binding to Hsc70 29,30 . We treated 
HuH-7 cells with 10 pg/ml 15-DSG. Compared with non-15-DSG- 
treated groups, in 15-DSG-treated groups, no significant differences 
in BrdU incorporation between control and Cx43-overexpressed 
cells were observed (Fig. 5e). Based on these results, it seems that 
the Cx43 -mediated cell cycle suppression is probably achieved by the 
association with Hsc70. 

Collectively, our data demonstrated that overexpression of Cx43 
significantly suppresses Gl/S cell cycle transition in a GJIC- 
independent manner, and that this suppression can be restored by 
co-overexpression with Hsc70 or treatment with 15-DSG, but not by 
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Figure 4 | Interaction of Cx43 with Hsc70 Affects Gl/S Transition. 

(a) BrdU incorporation assays were examined in HuH-7 cells. HuH-7 cells 
were transiently transfected with vectors encoding empty vector EGFP, 
Hsc70-EGFP, Cx43-EGFP alone, or both Hsc70- and Cx43-EGFP, 
respectively. Forty- eight hours after transfection, the cells were labeled 
with bromodeoxyuridine (BrdU) for 2 hr and subsequently fixed and 
stained with anti-BrdU antibody. Green indicates transfectants, and red 
indicates BrdU-incorporated cells, (b) The fraction of BrdU-positive cells 
over total number of transfected cells was determined. The data shown in 

(b) are means and SDs (error bars) of a representative experiment 
performed in triplicate at least. *p < 0.01. N.S.; not significant. 

co- over expression with Hsc54. These results suggest that the inter- 
action of Cx43-Hsc70 may play a critical role in Cx43 -mediated cell 
cycle suppression during Gl/S transition. 

Cx43-Hsc70 interaction results in preventing the nuclear translo- 
cation of Hsc70. Dramatic subcellular localization of Hsc70 from 
cytoplasm to nucleus occurs when cells are stimulated by heat 
shock 37 . To investigate whether Cx43-Hsc70 interaction clearly 
results in preventing the nuclear translocation of Hsc70 under 
heat-shock condition, HuH-7 cells were cultured under heat shock 
at 42°C for 2 hr. As previously reported 37 , Hsc70 predominantly 
translocated from the cytoplasm into the nucleus under heat-shock 
conditions (Fig. 6a). In the cells transfected with either empty vector 
EGFP or Cx43-EGFP, the localization of Cx43 was not altered by 
heat-shock treatment (Fig. 6b). Whereas, compared with EGFP- 
transfected cells (control), the nuclear translocation of Hsc70 
under heat shock was significantly blocked, and as a result, Cx43 
and Hsc70 co-localized abundantly in the cytoplasm (Fig. 6b). The 
quantitative analysis showed that Cx43-Hsc70 interaction signi- 
ficantly decreased the nuclear ratio of Hsc70 under heat-shock 
condition (Fig. 6c). Similar results were also obtained in both HeLa 



and Caco-2 cells (see Supplementary Figs. S6 and S7). This evidence 
demonstrated that Cx43 prevents the nuclear translocation of Hsc70. 

Cx43-Hsc70 interaction prevents nuclear translocation of cyclin 
Dl during Gl/S transition. The nuclear translocation of Hsc70 
results in the nuclear accumulation of cyclin Dl during Gl/S 
transition 30 31,38 . In Figure 3, we demonstrated that Cx43 competes 
with cyclin Dl for interaction with Hsc70. Therefore, to investigate 
whether Cx43 negatively regulates the nuclear accumulation of 
cyclin Dl through preventing the nuclear translocation of Hsc70, 
HuH-7 cells were transfected with either empty vector mRFP, 
Cx43-mRFP alone, or with both Cx43-mRFP and Hsc70-DsRed2, 
respectively. After 48 hr of transfection, cells were fixed and stained. 
In Cx43- transfected cells, a decreased nuclear accumulation of cyclin 
Dl was observed, and this effect was restored in Hsc70 co -transfected 
cells (Fig. 7a). Moreover, the quantitative analysis demonstrated that 
a significantly decreased nuclear ratio of cyclin Dl was obtained in 
Cx43 -transfected groups, and abolished in groups co-transfected 
with Hsc70 (Fig. 7b). Similar results were also obtained in both 
HeLa and Caco-2 cells (data not shown). Taken together, these 
findings suggested that suppression of Cx43 on cell cycle progres- 
sion accordingly may occur via preventing the nuclear translocation 
of cyclin Dl carried by Hsc70. 

Cx43-mediated cell cycle suppression may not occur via Skp2- 
regulated p27 degradation pathway. In U20S cells, Cx43 increases 
the expression level of p27 via negative regulation of S-phase kinase- 
associated protein (Skp2), which regulates p27 degradation 26 . To 
examine whether Cx43 mediates cell cycle suppression through 
regulating Skp2-regulated p27 degradation in the cell lines we used, 
we did knockdown on Skp2 expression by introducing a siRNA of 
Skp2 into HuH-7 cells (Supplementary Fig. S8a and b). As noted in 
previous reports 39 " 41 , the nuclear accumulation of p27 was increased 
in Skp2-knockdown cells (Supplementary Fig. S8c). However, unex- 
pectedly, in Cx43 -over expressed cells, a uniform subcellular dis- 
tribution of p27 expression was observed (Supplementary Fig. S8d), 
and compared with the control, the nuclear ratio of p27 was reduced 
significantly (Supplementary Fig. S8d and e). In HeLa and Caco-2 
cells, there were no significant differences in the nuclear ratio of p27 
between control and Cx43-overexpressed cells. However, Cx43- 
overexpressed cells tended to show reduced nuclear accumulation 
of p27 (data not shown). These results suggest that Cx43-mediated 
cell cycle suppression seems not to involve Skp2-regulated p27 
degradation pathway in our experimental cell lines, HuH-7, HeLa, 
and Caco-2. 

Discussion 

Cx43 has been reported to act as a tumor suppressor in various cell 
lines, the Cx43 -mediated tumor suppressive functions are GJIC- 
independent in several cell lines, and the evidence has suggested a 
possible involvement of binding to proteins that regulate carcino- 
genesis 21 ' 23 " 25 . These Cx43 -binding partners seem to be related to 
its tumor suppressive function, especially cell cycle suppression. 
However, to date no evidence on Cx43 -interacting partners involved 
in cell cycle progression has been reported. In this study, our results 
first identified that Cx43 co-immunoprecipitates and colocalizes 
with Hsc70, which is involved in the cell cycle progression. 
Interestingly, we found that the interaction of Cx43 with Hsc70 pre- 
vents Hsc70 from transporting cyclin Dl into the nucleus and has a 
crucial role during Gl to S phase cell cycle transition. 

By using the Cx43 -positive cell lines HuH-7 and Caco-2, and 
the Cx43 -negative cell line HeLa, we demonstrated that Cx43 directly 
binds to Hsc70 via their C-terminal regions in vivo and in vitro. 
We found that overexpression of Cx43 significantly suppressed 
the Gl/S cell cycle transition, and that this effect was restored by 
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Figure 5 | Cx43 Binding Domain in Hsc70 Is Required for Cx43 -Mediated Cell Cycle Suppression, (a) A schematic representation of Hsc70 and its 
splice variant, Hsc54, used for overexpression. (b) Pulldown assays with GST-Cx43CT fusion protein were performed using lysates prepared from Hsc70- 
or Hsc54-transfected HuH-7 cells. Expression vectors encoding Hsc70-EGFP and Hsc54-EGFP were transfected into HuH-7 cells, and binding 
experiments were carried out as described in Figure IB. The bound proteins were analyzed by western blotting (WB) using anti-GFP antibody, (c) BrdU 
incorporation assays in HuH-7 cells. HuH-7 cells were transiently transfected with vectors encoding empty vector EGFP, Hsc54-EGFP, Cx43-EGFP alone, 
or both Hsc54- and Cx43-EGFP, respectively. BrdU incorporation and immunofluorescence staining were carried out as described in Figure 4a. (d) The 
fraction of BrdU-positive cells over total number of transfected cells, (e) Inhibition assay of protein-protein interaction. To inhibit the binding of proteins 
to Hsc70, HuH-7 cells were cultured with 10 ug/ml of 15-DSG for 24 hr. The fraction of BrdU-positive cells over total cells was determined. The data 
shown in (d) and (e) are means and SDs (error bars) of a representative experiment performed in triplicate at least. *p < 0.01. N.S.; not significant. 



co- overexpression together with Hsc70, but not with Hsc54, in HuH- 
7, HeLa, and Caco-2 cells. 

Under heat-shock condition, Hsc70 translocated from cytoplasm 
to nucleus dramatically 37 . We confirmed that under heat-shock con- 
dition, overexpression of Cx43 clearly prevents the nuclear transloca- 
tion of Hsc70, and suppresses the nuclear accumulation of cyclin Dl, 
and that these Cx43-mediated effects were abolished by co-overex- 
pression with Hsc70. Competition assays demonstrated that Cx43 
competes with cyclin Dl for the interaction with Hsc70. Our data 
suggest that the interaction of between Cx43 and Hsc70 may func- 
tion as an important factor in the cell cycle transition via regulating 
nuclear accumulation of cyclin Dl. 

Pulldown assays and immunofluorescence studies showed that 
Cx43CT228-382, especially 263-382, directly binds with Hsc70, 



and that Cx43 interacts with Hsc70 in the cytoplasm. The C-ter- 
minus of Cx43 is thought to be important in its interaction with 
key regulatory binding partners 6 " 9 ' 42 " 44 . Indeed, we showed that the 
recombinant C-terminal domain of Cx43 interacts directly with 
Hsc70, and that the deletion mutant Cx43JM228-263 does not. 
Moreover, we showed that Hsc54, a splice variant of Hsc70, is not 
able to bind to Cx43CT228-382. We extended these studies to show 
that overexpression of Cx43 in HuH-7, HeLa, and Caco-2 cells sig- 
nificantly suppressed the Gl/S cell cycle transition, and that this 
effect was restored by co-overexpression with Hsc70 but not 
Hsc54. Considering the data together, we conclude that the C- 
terminus of Cx43 and the peptide binding domain of Hsc70 are 
important for their interaction with each other in regulating the cell 
cycle transition. 
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Figure 6 | Cx43 Prevents the Nuclear Translocation of Hsc70. (a) Hsc70 translocated into the nucleus under heat shock. HuH-7 cells were heat shocked 
at 42°C for 2 hr and stained with anti-Hsc70 antibodies, (b) Overexpression of Cx43 prevented the nuclear translocation of Hsc70 under heat shock. 
HuH-7 cells were transfected with control vector EGFP or Cx43-EGFP. Forty-eight hours after transfection followed by heat shocked at 42°C for 2 hr, 
cells were stained with anti-Hsc70 antibodies, (c) Ratio of nuclear/ cytoplasmic (N/C) fluorescence intensities in Hsc70. After heat shock, at least 30 
transfected HuH-7 cells of control EGFP or Cx43-EGFP were examined and quantified by confocal scanning microscopy. The data shown in (b) were 
plotted. The horizontal lines represent mean values. *p < 0.01. 



Several pieces of evidence have been accumulated supporting a 
role for Hsc70 as a positive regulator of cell cycle transition and 
carcinogenesis 29 " 32,38,45 " 49 . Reports suggest that Hsc70 translocates 
from the cytoplasm into the nucleus with cyclin Dl during Gl to S 
phase transition 30,31 . In our experiments, Hsc70 translocated into the 
nucleus dramatically after heat shock; however, overexpression of 
Cx43 clearly prevented the nuclear translocation of Hsc70. These 



results suggest that Cx43 prevents Hsc70 from translocating into 
the nucleus through withholding Hsc70 in the cytoplasm. Inte- 
restingly, some proteins are known to bind to Hsc70. For example, 
previous reports showed that Hsc70 regulates the nuclear accumula- 
tion of cyclin Dl, which is a key player in Gl to S phase cell 
cycle transition 30,31 . This evidence raises an interesting possibility 
that Cx43 may through directly binding to Hsc70 compete with 



a b 




Figure 7 | Interaction of Cx43 and Hsc70 Decreases Nuclear Accumulation of Cyclin Dl. (a) Effect of Cx43 on nuclear accumulation of cyclin Dl. 
HuH-7 cells were transfected with control plasmid mRFP or Cx43-mRFP, or both Cx43-mRFP and Hsc70-DsRed2. Immunofluorescence staining with 
anti-cyclin D 1 antibodies was carried out. Nuclear accumulation of cyclin D 1 was examined and quantified by confocal laser scanning microscopy, 
(b) Ratio of nuclear/cytoplasmic fluorescence intensities in cyclin Dl. At least 30 transfected HuH-7 cells of control mRFP or Cx43-mRFP, or both Cx43- 
mRFP and Hsc70-DsRed2 were examined and quantified. The data shown in (a) were plotted. The horizontal lines represent mean values. *p < 0.01. 
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Hsc70-associated proteins, such as cyclin Dl in the cytoplasm, and as 
a result, the accumulation of cyclin Dl in the nucleus is prevented. 
In fact, in our experiments, overexpression of Cx43 resulted in 
decreased nuclear accumulation of cyclin Dl, and this effect was 
abolished by co-overexpression with Hsc70. Moreover, Cx43 prob- 
ably could not directly interact with cyclin Dl, but competes with 
cyclin Dl for interaction with Hsc70. As suggested above, Cx43- 
regulated nuclear accumulation of cyclin Dl could occur through 
competitive cyclin Dl binding to common partner Hsc70. 

Previous reports showed that Hsc70 directly interacts with p27 
during Gl/S transition 29,32 and that Cx43 increases the expression 
level of p27 via negative regulation of Skp2, which regulates p27 
degradation 26 . In our experiments, we found that knockdown of 
Skp2 also increases the expression level of nuclear p27 and results 
in the cell cycle suppression, whereas overexpression of Cx43 does 
not increase the expression of p27, but conversely decreases it. Our 
results suggest that the Cx43 -mediated cell cycle suppression seems 
not to be dependent on Skp2- regulated p27 degradation pathway. 

In summary, we showed that Cx43 possesses cell cycle suppressive 
functions in HuH-7, HeLa, and Caco-2 cells through a GJIC-inde- 
pendent mechanism that involves its COOH-terminal domain. Our 
data provide the first evidence that the interaction of Cx43 with 
Hsc70 probably plays a critical role during Gl to S phase cell cycle 
transition in both Cx43 -positive and -negative cell lines, and that 
Cx43 prevents nuclear translocation of Hsc70 resulting in the 
decreased nuclear accumulation of cyclin Dl. Collectively, our cur- 
rent findings suggest that Cx43 is involved in the cell cycle progres- 
sion of Gl/S transition through a novel interacting protein, Hsc70, 
which regulates nuclear accumulation of cyclin Dl. 

Methods 

Plasmid constructions. The pEGFP.Hsc70 and pEGFP.Hsc54 were constructed as 
previously described 36 . The pDsRed2.hHSC70 and various forms of 
pCAT7.hHSC70 29 were provided by Y. Imamura (Matsumoto Dental University). 
Various forms of GST-Cx43CT 8 were provided by B. N. Giepmans (University of 
California San Diego [UCSD]). The pEGFP.Cx43, pmRFP.Cx43, pcDNA3.1.Cx43, 
and pEGFP.DNCx43 were constructed as described 10 ' 33,50 . The pEF.cyclin Dl.myc 
was provided by P. Zou (Keio University) 30 . 

Cell lines, cell culture, and transfection. HuH-7 and HeLa cells were cultured in 
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% (vol/vol) 
fetal bovine serum (FBS), glutamine (2 mM/1), penicillin (100 U/ml), and 
streptomycin (100 U/ml). Caco-2 cells were grown in Minimum Essential Medium 
(MEM) containing 20% serum, 2 mM/1 glutamine, 100 U/ml penicillin, and 100 U/ 
ml streptomycin. For overexpression of targets, transient transfection of HuH-7, 
HeLa or Caco-2 cells was carried out using Lipofectamine 2000 reagent (Invitrogen, 
Carlsbad, CA) according to the manufacturer's instruction. After 48 hr of 
transfection, cells were used for assays. 

RNA interference. All siRNAs against human Skp2, and Silencer negative control 
number 1 siRNA (NC) were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). 

Lipofectamine 2000 (Invitrogen) was used to transfect siRNAs into the cells (final 
concentration, 10 nmol/L) according to the manual. After 48 hr of transfection, 
immunofluorescence analysis was carried out. 

Co-immunoprecipitation, GST pulldown assay, and western blotting. The 

following antibodies were used. Anti-Cx43 (Sigma, St. Louis, MO), anti-T7-tag 
(Novagen, Madison, WI, USA), and anti-cMyc-tag (Wako Pure Chemical, Osaka, 
Japan) were used in co-immunoprecipitation. Anti-Hsc70 (B-6), anti-GFP (B-2), 
anti-cyclin Dl (M-20), anti-Skp2 (H-435), anti-p27 (C-19) and anti-GAPDH (0411) 
were from Santa Cruz Biotechnology (Santa Cruz). Co-immunoprecipitation, GST 
pulldown, and western blotting analyses were performed as previously described 10 ' 51 . 
Co-immunoprecipitated proteins were separated on 12% SDS-PAGE gels and 
visualized by Coomassie brilliant blue. We used a service provider (GENOMINE, 
Inc., Korea) to analyze Cx43 -co-immunoprecipitated proteins. Briefly, the protein 
bands were extracted and subjected to MALDI-TOF mass spectrometry analysis. 

Competition assay. HuH-7 cells were transfected with 1 jig of both pCAT7.hHSC70 
and pEF.cyclin Dl.myc, and with increasing amounts of pcDNA3.1.Cx43 (0, 1, 2, and 
4 |ig, respectively). The cell lysates were co-immunoprecipitated with anti-T7-tag 
antibody. The immunoprecipitated proteins were immunoblotted with anti-T7-tag, 
anti-Cx43, and anti-cMyc antibody. The signals were measured by Image Quant 
LAS500 (GE Healthcare UK Ltd., Buckinghamshire, England). 



BrdU incorporation assay. For BrdU incorporation assay, cells were plated onto 35- 
mm glass covered dishes. After 20 hr, the cells were transfected with various plasmids 
of interest. After 48 hr of transfection, cells were labeled with 10 uM BrdU for an 
additional 2 hr. Then, the cells were fixed and detected by using 5-Bromo-2'- 
deoxyuridine Labeling and Detection Kit (Roche, Basel, Switzerland). For protein 
interaction inhibition, cells were cultured with 10 ug/ml of 15-deoxyspergualin (15- 
DSG) (Spanidin® injection, Nippon Kayaku, Tokyo, Japan) for 24 hr before BrdU 
incorporation. At least 100 transfected cells were counted in 40 fields for each sample, 
and each experiment was performed three times. The Student's t test was performed 
for statistical evaluation of a difference; P < 0.01 was considered to be statistically 
significant. 

Immunofluorescence staining. The cells were seeded on 3 5 -mm glass -covered 
dishes for 20 hr prior to transfection with plasmids of interest. In heat- shock 
condition, transfected cells were heat- shocked at 42 °C for 2 hr 36 . After 48 hr of 
transfection, the cells were rinsed twice with PBS and fixed with 2% PFA for 1 hr at 
room temperature. The cells were permeabilized with 0.3% Triton in PBS for 10 min 
and blocked with 3% skim milk in PBS for 1 hr. The cells were then incubated with the 
following primary antibodies at room temperature for 2 hr: rabbit anti-Cx43 
antibody (Sigma, 1 : 500); mouse anti-Hsc70 antibody (Santa Cruz, 1 : 200) or rabbit 
anti-Hsc70 antibody (StressMarq, Victoria, Canada, 1 : 250); rabbit anti-cyclin Dl 
antibody (Santa Cruz, 1 : 200); rabbit anti-p27 antibody (Santa Cruz, 1 : 200), and 
rabbit anti-Skp2 antibody (Santa Cruz, 1 : 200). After washing five times with PBS, 
cells were incubated with secondary antibodies: Alexa Fluor 488 (594) goat anti- 
rabbit IgG (1 : 1000, Invitrogen-Molecular Probes); and Alexa Fluor 488 (594) goat 
anti-mouse IgG (1 : 1000, Invitrogen-Molecular Probes) for 1 hr at room 
temperature. Nuclei were detected by TO-PR03 (1 : 1000, Invitrogen-Molecular 
Probes) staining. Images were analyzed by using confocal laser scanning microscopy 
(FV1000, Olympus, Tokyo, Japan). 

Nucleocytoplasmic localization analysis. Nucleocytoplasmic localization of 
proteins was examined by confocal laser scanning microscopy (FV1000, Olympus). 
For evaluation of nucleocytoplasmic localization, the ratio of nuclear/cytoplasmic 
fluorescence intensities was determined and quantified in at least 30 cells per 
condition. The images were analyzed using Image J software (National Institutes of 
Health, Bethesda, MD, USA). 

Statistical analysis. The data shown were evaluated for statistical significance with 
Student's t test. P < 0.01 was considered to be statistically significant. 
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